This paper describes the methodology for conducting experiments to study hydrogen diffusion through metal membranes using a specially designed diffusion chamber of an automated gas reaction controller complex. This complex allows experiments to study hydrogen diffusion with the following parameters: the inlet hydrogen pressure is up to 50 atmospheres, and the temperature in the chamber is from 30 °C to 1000 °C. The size of the samples is limited to a diameter of 10 mm and a thickness of 100 μm. The method for calculating the diffusion coefficient based on the Fick equation is also described. When studying hydrogen diffusion through a sample of Zr-1Nb alloy with nickel film deposited at the temperature of 550 °C, it was noted that phase transformations can be observed on the diffusion curve.
Introduction
The study of the interaction of hydrogen with metals and alloys is widespread in the world [1] [2] [3] [4] . This interaction is considered in two directions. On the one hand, in relation to the development of hydrogen energy, the study of new hydrogen storage materials is necessary [5] [6] [7] . In addition, the development of hydrogen purification systems is of great relevance. On the other hand, hydrogen has a negative effect on the crystal lattices of metals, thereby leading to embrittlement of materials [8] [9] [10] . Therefore, it is necessary to develop various protective coatings, make surface modifications, etc.
Zirconium alloys are widely used in reactor engineering in the form of shells of fuel carriers [11] . This is due to high strength and corrosion resistance of the material, as well as the low thermal neutron capture cross section. Operating at high temperatures [12] , reactors with water-based coolant can provoke steam-zirconium reactions with hydrogen evolution [13] [14] [15] [16] [17] [18] . Therefore, one of the important requirements for zirconium alloys is resistance for hydrogen penetration and embrittlement [19] [20] [21] [22] .
One of the factors that affect the level of hydrogenation of zirconium alloys is the state of their surface, namely an oxide film [21, 22] . In the presence of a continuous thin oxide film on the surface, zirconium alloys weakly absorb hydrogen, even at high temperatures [23] . Using nickel coatings, one can get rid of the limiting factor of the surface [24] . This is due to the fact that during the coating process, the surface of the test sample undergoes ion cleaning, which leads to the removal of a thin layer that has accumulated various adsorbates, including oxygen. The thin nickel film itself prevents the accumulation of new adsorbates that directly affect diffusion.
In this paper, we describe the methodology for conducting experiments on the study of high-temperature diffusion using the gas reaction controller (GRC) complex. The methodology for calculating the diffusion coefficient using mass spectrometric analysis as a hydrogen analyzer is described. Additionally, for the first time, a hydrogen diffusion process in zirconium alloy is experimentally correlated with phase transformation in the zirconium alloy during hydrogenation.
There are several methods for studying the diffusion of hydrogen through metal membranes. One of these methods is the study of diffusion using electrochemical penetration. The use of this method has been implemented in many experimental facilities [25] [26] [27] . Its principle of operation is as follows: between the two electrochemical compartments, the studied metal foil is placed, which is hermetically fixed relative to the two compartments due to the special design of the holder. When direct current flows through the electrolyte, the electrolyte dissociates with the release of hydrogen ions on the metal foil and precipitation of the acid residue on the anode, i.e., hydrogen ions are deposited on the input side of the investigated metal foil (cathode side). Subsequently, due to diffusion processes, hydrogen begins to penetrate through the membrane, and after a certain period of time, exits the anode side of the membrane into the cathode compartment, where it is released at the cathode. The advantages of this method are that it is simple and provides the ability to study the diffusion of hydrogen in aggressive environments. Among the limitations of this method to be mentioned is the impossibility to change the temperature of the experiment.
One can also point out another similar method for studying the diffusion of hydrogen through metal membranes. The main difference from the previous method is the use of a mass spectrometer as an identifier for released hydrogen. The principle of operation of an experimental setup for studying hydrogen permeability through a metal membrane by electrochemical penetration and mass spectrometric analysis [28, 29] is as follows. The investigated metal foil is placed between the two compartments and is hermetically fixed due to the design of the installation. When the circuit is closed, direct current flows through the electrolyte in the first compartment, and as a result, hydrogen ions are released on the metal membrane, which is the cathode, and the acid residue is deposited on the anode. Over a certain period of time, due to diffusion processes, hydrogen penetrates deep into the crystalline structure of the membrane and passes through its entire thickness, thereby falling into the second compartment of the high-vacuum chamber. An important feature of this method is that it is possible to study the interaction of hydrogen isotopes and metals.
Another method for studying hydrogen permeability through metal membranes has also been implemented in many experimental facilities [30, 31] . An important distinguishing feature of it is the study of the interaction of metals with hydrogen in the gas phase. This type of experimental complex enables the study of the effect of various processes of unilateral hydrogenation of a metal membrane on various protective coatings using a wide range of different saturation parameters, which helps the study of metal-hydrogen systems in even more detail. It is also of interest to study the sorptiondesorption of gases during their permeability through the studied foils. For this, the experimental complexes are equipped with a mass spectrometer located directly in the vacuum system of the plants. The principle of its operation is similar to the principle of operation of all mass spectrometers for measuring the pressure of residual gases: a few gas molecules are ionized (positive ions), ions are separated by their masses, and ion currents are measured for each mass. Compared to previous installations, the implementation of this type of installation is more expensive.
Materials and Research Methods
Using a modified gas chamber, which is described below, it is possible to study the diffusion of hydrogen at various temperatures. The principle of operation of most installations for the diffusion of hydrogen from the gas phase can be understood from Figure 1 . The following method is used to study hydrogen diffusion: after sample preparation, it is fixed between the input and output volumes. Next, these volumes are evacuated and heated to the operating temperature. After heating, hydrogen is introduced into the inlet of the chamber. At the same time, the pressure of hydrogen passing through the sample is measured from the output side using mass spectrometric registration. In this method, finding the hydrogen permeability parameters reduces to solving the Fick equation [32, 33] with boundary conditions of the first kind:
At the input side of the sample, a concentration equal to the equilibrium solubility is instantly established, and at the initial side of the sample, the hydrogen concentration is zero.
In accordance with Fick's first law, the flow of hydrogen through a unit area membrane is written as follows:
For the flow on the output side of the membrane, based on Fick's first law, we have the expression:
To calculate the diffusion coefficient, you can use the value of the stationary flow, which has the following expression:
Studying the dependence J(t) (Figure 2 ), we can distinguish the characteristic point, which is the time of establishment of half of the stationary flow t0.5. In studies using mass spectrometric analysis for diffusion from a medium with a constant concentration, the expression has the following form [34] :
The value of the coefficient Z is found from the table of the probability integral function erf (Z) = x (where x is the error in determining the flux by mass spectrometric analysis), and l is the thickness of the sample.
To plot the dependences J(t), it is necessary to represent the pressure on the output side of the sample in the form of a hydrogen stream. To do this, we use the Mendeleev-Klaiperon equation [35] :
where p is the pressure of hydrogen in the output volume, V is the volume of the output part of the camera, ν is the amount of hydrogen, R is the universal gas constant, and T is the temperature in the chamber. Expressing ν from Equation (8) we get:
The flow of hydrogen can be calculated as the flow of gas that varies over time. Knowing the amount of hydrogen and time, we get:
where Δt is the time during which change in the amount of hydrogen occurs.
To study hydrogen permeability, the GRC automated complex was used. This complex allows the study of the interaction of hydrogen with structural materials at temperatures from 300 K to 1223 K and an inlet pressure of hydrogen up to 50 atm.
This stand consists of a vacuum system, a hydrogen generator, and a personal computer for controlling gas inlet and exhaust systems. The GRC vacuum system ( Figure 3 ) allows you to create the necessary conditions for the experiment. HyGen 200 (CLAIND srl, Lenno, Italy) hydrogen generator allows the use of spectrally pure (99.9999%) hydrogen, which improves the accuracy of the experiment. A personal computer provides control of the parameters of the experiment during operation and also serves to record the received data. Figure 3 . Scheme of the automated gas reaction controller complex: 1, computer; 2, connecting tube of the input volume; 3, camera; 4, fan; 5, connecting tube of the output volume; 6, electronic control system of the complex: 7, controller; 8, high vacuum pump; 9, high pressure tank; 10, low pressure tank; 11, emergency hydrogen removal system; 12, foreline pump; 13, cylinder with hydrogen; 14, hydrogen generator; 15, mass spectrometer; and 16, high temperature furnace.
Registration of gases on the output side of the sample is carried out using a mass spectrometer connected to the output volume of the working chamber, and allows one to determine the residual gas pressure within a pressure range from 10 −4 to 10 −8 mtorr. A high-temperature furnace ensures implementation of the temperatures necessary for conducting experiments with preliminary annealing of the samples.
After the steady-state flow is established, the registration of hydrogen ceases, and the remaining hydrogen is pumped out. The temperature also drops to room temperature in order for the experimental sample to be extracted.
In this work, we used a modified gas chamber (Figure 4 To solve the problems associated with the study of hydrogen diffusion, the following experimental procedure is implemented.
Preparation of experimental samples. Cylindrical samples of Zr-1Nb alloy with diameters of 10 mm are subjected to thinning by grinding to the thickness of 100 μm to impart a smooth surface using sandpaper with markings according to ISO-6344 600, 1500, 2000, and 2500. Next, magnetron sputtering is applied to the surface of the nickel layer [24] .
Preparing the installation. To study the permeability of hydrogen, a modified vacuum chamber is used, shown in Figure 5 . The test sample is placed between the inlet and outlet volumes. Then, it is fixed with the help of plate 7. Gases are pumped out from the chamber through tubes 5 and 6 to a pressure of the order of 10 −6 mbar. Using a high-temperature furnace, the gas chamber is heated to the required temperature. Hydrogen inlet. Using a hydrogen generator, hydrogen is supplied to the input chamber volume. Simultaneously, the registration of the hydrogen pressure from the output side of the sample begins, using a mass spectrometer. On the other hand, a parallel study of the processes of unilateral hydrogen distillation of experimental samples is possible. For this, hydrogen pressure is recorded in the inlet volume of the gas chamber. This allows one to calculate the sorption rate.
Results and Discussion
By analyzing the obtained diffusion curve for the Zr-1Nb alloy with a nickel coating deposited on the surface (Figure 6) , several characteristic points can be distinguished. These points are associated with the change in the value of the tangent to the graph of the flow function versus time. The point t1 characterizes the beginning of the transformation of the α phase of zirconium into a metastable γ phase. Point t2 characterizes the beginning of diffusion in the α + δ phase of zirconium. Point t3 characterizes the complete transformation of the α phase into the δ phase. These points correlate well with the experimental data obtained by applying synchrotron irradiation for X-ray diffraction during the hydrogenation of the Zr-1Nb alloy from the gas medium [36] . At the temperature of 550 °C, the following data are available (Figure 7) . From the graph, it can be noted that during the hydrogenation of the studied samples, the lifetime of the α phase is limited to 10 min. The metastable γ phase exists for no more than 5 min. Further, one can notice the presence of δ zirconium hydride.
The hydrogen diffusion coefficients were determined from the critical points of the function of the dependence of the hydrogen flow on the duration of one-sided hydrogenation. You can also notice that the rate of change of pressure in the inlet volume changes only after the completion of all phase transformations and complete breakthrough of hydrogen through δ-zirconium hydride. This may indicate that the rate of hydrogen sorption in the different phases of zirconium is the same.
Comparative data are presented in Table 1 . Table 1 . Comparative data on the phase transition time for various methods for studying metalhydrogen systems.
Experimental Technique Time of Existence, min.
α-phase γ-phase δ-phase High-temperature permeability 10 3 -X-ray diffraction during hydrogenation 10 5 -Using Expression (9), we calculate the diffusion coefficient for α and δ phases of zirconium. We find the coefficient Z as an argument of the probability integral, the value of which is the maximum error in determining the flow function of time.
The data obtained are presented in Table 2 . [37] In the case of α-zirconium, the difference in diffusion coefficients is not significant, which indicates the efficiency of the calculation method. In the case of α + δ-zirconium hydride, diffusion is aimed only at the accumulation of hydrogen in the material and stabilization of δ-zirconium hydride. The difference in diffusion coefficients in zirconium δ-hydride is as follows: theoretical data were obtained for the already stable δ-hydride, and experimental data were obtained during phase transformations of α-zirconium in δ-hydride. In this case, diffusing hydrogen is already present in the test sample; therefore, one can only notice a change in the diffusion rate.
Summary
In this work, we tested the methodology for calculating the diffusion coefficient of hydrogen in metal foils at high temperatures using a mass spectrometer as a hydrogen recorder. For the first time, the hydrogen diffusion process in zirconium alloy was experimentally correlated with phase transformation in the zirconium alloy during hydrogenation. We can also conclude that for non-hydride-forming materials, the results obtained using this technique can be correlated with theoretical data.
In the case of hydride-forming materials, in some cases, one can observe phase transformations, namely the lifetime of some phases during unilateral hydrogen distillation. The data obtained are well correlated with theoretical data, which indicates the efficiency of this technique.
The difference between experimental and theoretical data lies in sample preparation. From this, we can conclude that this technique, ceteris paribus, rather than providing solutions to fundamental problems, is more of a comparative method of study. 
